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AWALYSIS OF CYLINDER-PRESSURE-INDICATOR DIAGRANS SHOWING

FFECTS OF MIXTURE STRENGTH AND SPARK TTMIﬁG

By Harold 0. Gerrish and Fred Voss e
SUMMARY T | : .=

An investigation was made to determine the effect of
rixture strength and of normal as well as optimum sp&aTk .
timing on the combustion, on the cylinder temperature, and T
on ths performance characteristics of an engine, A singlew~
eylinder test unit utilizing an air-cooled cylinder and a =
carburetor and operating with gasoline having an octane rat-
ing of 92 wos used. The investigation covered a rangs of
fuel-air rotios from 0.053 %0 0.118, Indicator dicgrams™
and engine-performance data were takon fov each changc in
cngine conditions. - ;

-

‘Exonination of the indicator diagrams shows that for
fuel-air ratios less than and greater than 0.082 the rate
and the anount of effective fuel burned decreased. JFor a

'_fucl-glr raotio of 0.118 the combustion efficicncy was only

58 porcont. Advancing the spark tining incroased the rate
of pressurc rise. This sffect  was more pron‘ﬁﬁtﬁﬁ w1th
leancr mixtures, ' _ T -

INTRODUCT ION

The naximun poweér of uircraft engincs is required only
for & tdkewoff o in on cmergency. For cru131ng, the en-
sine power.is normally only 50 %o 70 percent of maximun
power,. The powor is usually docroasdd by throttling the

power may also be reduced by 1eaninb the mixture inducted

speed has the sadventage of reduced SpelelO fuel conswmp-
tion, although the range of power reduction-is aonsiderably
less than that obtalned by throttling. h

The time of occurrence of ignition should have an
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important influence on engine performance with both ultra-

rich and ultralean mixtures. Such mixtures are slow burn-

ing. ZEarlier starting of combustion, obtained by advancing
tho spark timing, is essential to rcallze the greatest rc-

turne in both engine power and fuel consumption.

This investigation was nade in the summer of 1937 ito
evaluatc the offect of nixture, strength and spark tining . =
on the rate and the completeness gf combustioan, on the en-
gine perfornance, and oan the cyliander temperature through-

out the available range of nixtures producing stable engine ;'

oporation, o
APPARATUS

The single-cylinder test unit (fig. 1) for this invos- ..

tigation utilized a Wright 1820-G air-coolsd cylinder and .
pilston, The engine has a bore of 6% inches and a stroke

of 7 inches, giving a displacement of 206 cubic inches,

The conpression ratio was 7.4, The engline is oquipped with —
a Stronberg WAL-5 carburctor and a fuel-injoction punp,

but ia these tests only the carburetor was used, The air-
cooled cyllader was enclosed in a sheet-umetal Jjacket open
at the front and the rear. A centirifugal blower provided
the necessary cooling air for the cylinder.., An electric
dynapmoneter was usod for nmeasuring the torgue of the eagino
and an electrically operated revolution counter and a stop
watch were uscd for deternining the ongine speed. A gas-
oneter was uséd to measure the combustion alr and a scale,
to 1neasure the fuel, The fuel was a gasoline that compliled
with Arny specification 2-92 Gradse 92.

Iron~constantan thermocouples were peened in.the cylin-
der bhead and spot=welded to the eylinder barrel &t the rep-
regentative positions shown in reference 1. 4 potentiometer
was- used to obtaln the tenperature readings.

Cylinder-pressurc-indicator diagrans were ftakcen with
a nodified Farnboro indicator, the pressure element being
inserted in an auxiliary hole in the cylinder head.

'
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METHOD

With & constant throttle setting and an engine speed
of 1500 rpm, tests were made for a range of fuel-air ratios
from 0,053 to 0,118, These fuel-air ratios were determined
from the measurement of the air and the fuel entering the
engine cylinder. For oach mixture strength, both normal
and optimum spark timing were used. Normal spark timing,
which is the setting fgr the maximum poweT Wwith the maximum-
power mizture, was a constant advance of 16° B.T.C. ' Opti=
mum spark timing iIs the setting for maximum pewer. The
usual power, friction, fuol consumption, and alr-consump= "~~~
tion data werc taken. The indicatoed mcan offcctive PFeses
surc was obtained by adding the friction dctormined by
motoring to the brake moan effective pressure. Tho average
head tomperature was detormined from rcadings of 21 thernmo-
couplecs and the average barrcl temperatura from readings
"of 8 thornmocouples.

Curves showing tho amount of cffective fuel burncd were
.conputcd by counverting into welght of fuel the enthalpy
changes déternined from o thermodynamic analysis of the
indicator diagran. These cdhanges in onthalpy arc determined
for various crank-angle positions during the coémbustion and

tho expansion processes. The thernal oneTg¥ is conpiited
fron the bemperature, the weight, and the specific heat of
the gascous mixturs. The temperaturc is compubed from the
gas lav by using the prossure from theé indicator diagran,
the volume correspohding to. the crank angle, and the weight
and the gas constant of the mixture In the engine cylinder,-
The changes in weight, gas constant, and specific heat of
the nixturc as combustion procecds are talculated on the
assunption that the incromnent of fuel which causes the
chonges in cnthalpy 2t cach position is completely durncd. -
The work domec 1s computed by assuning straight-line pressurec
variction between increments of volume changes. The chango
Cin cnthulpy divided by the heating valuo of the fucl is the
amount of offective fuel burned. . , _ S

v

RESULTS AND DISCUSSION

Indicator-cord znalysig.~ The indicator diagrans ob-
tained during this investigation with normal spark timing

are conparcd at a rcduced scale in figure 2. A docrease
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in the fuel-~air ratio from 0,082, which is approximately v
the condition Ffor maximun power, decreases the rate of

pressure rise and thus reduces the magnitude and delays

the occurrence of naximum cylinder pressure. Figure 2

also shows that an increase in the fuel-<air ratio beyond

0.082 has the same effect. The diagram taken at a fuel-

ailr ratio of 0.118 closoly resenbles that taken at a fuele~

atr ratio of 0.064., :

The scatter of thé points on the indicator diagrans
betweon top ¢enter and the position of maximﬁm cylindor
prossure indicates the cyclic variation in condbustion,
which is probably duvue in part to the variation In the mix~
turc strength. The cyclic variations arc nore noticeable
for both ultrarich and ultralcan mixturcs than for the
rnixiture glving naxinum power, indicatiang the inportance of
nixturoe strength on rceaction velocity.

LY

The falred curves from those iandicator diocgrams with
their corresponding curves of effoctive fucl burned are ~
shown suporinposscd 1in figure 3. Tho regularity of in-
creasing changes in the indicator diagrens and the curvos
of effective fuol burned is broken by those taken at a
fuel-air ratio of 0.118. The fuel-burned curves show
that, feor fuél-air ratios less than and groater than 0,082,
the rate of burning and the anount of effectlve fucl burned
decrease. The reduction in the total effective fuel burned
for lean mixtures is ‘due to the fact that less fuel is
available for combustion; whereas, for rich mixtures, the
reductlon is due to incomplete combustion. For instance,
the combustion efficiencies {(ratio.of effective fuel burned
to fuel ‘inducted) for lean mixtures were 100 percent; where-
as, for mixtures having fuel-~air ratios of 0,118, 0.082,
and 0.073, they ware 58, 88, and 98 percent, respectivoly,.
For all fuolwair ratios, the maximum éffoctive fuel burned
oceurred -betweon 30° and 40° A.T.C., This position is . the
ond of offecctive fuel burning because any later Burning
preducces loss heat than that lost to tho cylinder walls,

Figure 4 shows faired curves from indicator dlagrans
taken with both normal and optimum spark timing and with
various mixture strengths, Xach of the fuocl~alr ratios )
glven on the filgure is an average of the nizture used with -~—
normal and optimunm spark timing. The groatest deviation
from any average fucl-air-ratio value was .0.003,. The ro-
sults show that advdncing the “spark timing advances tho
tine of occurrence of maxinum cylinder pressure and increascs
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its magnitude., Phe rate of pressurée rise alsoc increases,
This increase in the ‘rate of combustion should result in
improved cycle efficlency although the increased .amount

of uegative worlk during the early stages of combustion
will somewhat reduce the efficiency. Figurec 4 shows that
control of the spark timing increases in importance as the
mixture ls leaned.,. :

Ergine pcrformancee.~ The effect of fuol-air ratic and

spark timing on cnglne poerformance is shown in figurc 5,
Asg indiecated by the relative arcas of the indicator dia-
grams (fig. 2), maxinun power occurrcd at a fuel-air ratio
of 0.082. With normal spark tining, 77 percent of maxinunm
power was produced at a fuel-air ratio of 0,056, This re-
duccd power is sufficiocnt, without change in the throtile,
for crulsing operation wunder sone flight condltions.
Specific fuel consumption is a function of thermal
efficiency, which, in fturn, is a function of combustion
and cycle efficiencies. Oycle efficicney is indicatcd by
the rate of pressurce risoc on the indicator diagram. Refer-
encoe to the indicator diagrams (fig. 2) shows that the cycle
efficiency for normal spark timing docreasds as the mixture
is made lecancr or richer than the optimum fuel-air ratio of
0.0823. Figurc 5 shows that, for normal spark timing, the
fuel consumption decrcascd with .lconing of the mixture to a
fuel=air ratio of 0. 064.; The loss in cycle afflcicncy wos
thercforoc more than offset by the imercase in combusition
. efficiency. For mixturés having & fuel-air ratio of less
than 0,064, the combustion was completo and the fuel coun-
sumption should thereforoc incrcase bocausc of the deccreasc
- in the crcle cofficiency. 7For rich mixtures, the poorecr
cycle ahd combustion efficiencies combine to give a much
. larger specific fuel consumption. ’

Advancing the spark timing was shown in figure 4 to
increase the rate of combustion .and the power output. The
fuel consumption should therefore be less than with normal
spark timing.  This conclusion is borne out by the lower
specific fuel consumption shown in figure 5. It will also
be seen that 77 percent of meximum power and minimim fuel
consumption occurred at lower fucl-air ratios than for
normal spark timing., The carlier ignition of the mixture
"incroased the powor output, decreased the spocific fuol
consumption with constant mixturc strength, and incrcasecd
the locandics& of the mixture at which the cangine would oper-
ate consistontly. This reduetion in fuel consumptlon ise
morc clearly shown in figure 6,
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The indicated power obtained at a fuel-ailr ratio of
0,118 1s about equal to thaet obtained at a fuel-ailr ratio
of 0.066, The fuel consumption, however, is about double,
Theso facts are further substantiated by examination of the
indicator diagroms. and the curves of effcctive fuel burned
(fig, 3) and by tho knowlcdgoe that about twice as much
fuel was usced for the rich as for the lecan mixture.

Gylinder temporaturc.- Figure 7 shows the average
crlindor=hcad and cylindecr~barrcl temperaturcs rccorded
during thils investigation. The maximum temperaturc with
normal spark timing occurrcd at o Fucl-air ratio of 0.072,
This valuo 1s in agreement with the values found by
Rabezzana ond Kalmar (referonce 2) and by Swan and Morley
(reference 3), With both richer and leaner nixtures, the
temporaturo roapidly decreased.

Plgures 5 and 7 show that, for lecan mixturcs, the cyl=~
inder temperature 1is approximately proportional to the
power output. Maximum cylinder. temperature, however, does
not occur &t the fuel=ailr ratio giving maximum power.

The decresase in cylinder temperature from the maximum
with lncreasc in mixture strength up to the occurrence of
maximum power 1s due to the preésencé of unburned combusti-
bloes, which have @& high thermal capacity. The effect would
have been much morc pronounced if the power had not lan-~
creased. Further enriching of the mixture resulted in a
greater amount.of unburned combustidbles with an attendant
loss lu power, which caused further reduction in the cyline
der temperature, For mixtures leaner than that giving max-
imum cylinder temperature, the. decrease in cylinder tempera=-
ture 1s due to both the increase in the quantity of unburned
air prosent and the decrease in the amount of fuel burnod,.
(See fig. 3.) It appears that, if tho power had becn mailn-
tained constant irrespcctive of the mixiture strength, curves
similar to those shown in figure 7. would have been obtaincd,
The eylinder temporaturc would have increassced to a maxzinunm
value and then docreased; the maXinum value would have oc-
curred at apprqgximately the thooretically correct mixture
sStrength.

It should be noted that the same power output may be
obtained for nmixtures laagor as well as richor than that
glving maxinum power, but at the expense of higher c¢cyliander
temperature. Opcration at these leaner nixturcs would be
advantageous whon fucl consunmption is. an inportant itemn ond
the power rcguired is such as to produce cyllindor temperaw-
tures lecss than the maxinum allowed.



o

NACA Technical ¥ote HNo. 772 7
COdCLUSIOHNS

The following conclusioas are based on the results
obtained from a single~cylinder engine using a carburetor
fuvel system,

A study of the cylinder-pressure-indicator diagrams
and thelr thermodynamic analysis shows that, for fuel-air
ratios less than and greater than 0.082, the rate of
pressure risce was dccrcaged, the pressure magnitude was
decrcased, and the occurrence of maximum cylinder pressurc
was delaycde. The rate of fuol burned decrcased and the
amount of cffective fuel burned also decreased. For a
fuel—air ratio of 0.118, the combustion officicnecy wzas
only 58 percent. The end of effective fuel burned oc- =~~~
curred between 30° and 40° A.T.C. Advancing the spark
timing uwp to the opitimum timing increased the rate of
pressure rise, increased the pressure magnltude, and ad-
vanced the occurrence of the maximum cylinder pressure.
Thesc cffects were more pronounced with leaner mixtures.

Langley Homorial Acronsutical Laboratory,
F¥ational Advisory Coumittee for Aeronaubics, .
Langley Field, Va., July 24, 1940. - e
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